Seismic reflection profiles across the Middle America Trench at 208N show a high amplitude bottom simulating reflector interpreted as marking a phase transition between methane hydrate and free gas in the pore space of both accreted and trench sediments. We determine the depth of the hydrate-gas phase boundary in order to estimate the geothermal gradient and hence the heat flow beneath the trench and the frontal part of the accretionary wedge which overlies the downgoing plate. After correction for sedimentation, heat flow values in the trench and through the accretionary wedge are only about half of the values predicted by plate cooling models for the 10 Ma subducting lithosphere. There is no systematic correlation between heat flow in the accretionary wedge and distance from the trench. A comparison with heat flow predicted by a simple analytical model suggests that there is little shear heating from within or beneath the wedge, despite the high basal friction suggested by the large taper angle of the wedge. The geothermal gradient varies systematically along the margin and is negatively correlated with the frontal slope of the wedge. Some local peaks may be attributed to channelised fluid expulsion. D
Introduction
The conductive heat flow within an accretionary wedge is controlled by several competing processes [1, 2] . Frictional heating within and at the base of the wedge will cause a landward increase in heat flow, while sediment thickening will cause a landward decrease. Channelised fluid escape may lead to local anomalies in the thermal gradient, while pervasive porous flow may cause a systematic increase in geothermal gradient and hence apparent heat flow in the uppermost part of the sediment column. In principle, some of these parameters may be estimated by matching numerical models to an observed heat flow pattern.
Conventional heat flow probe surveys sample the thermal gradient in the upper few metres of the sediment column and at isolated points. Such measurements can be susceptible to transient changes in bottom water temperature. Methane gas hydrates are stable within the top few hundred metres of ocean floor sediments in deep water adjacent to continental margins. The temperature and pressure conditions of the phase boundary marking the base of this stability zone is now relatively well known. In addition, the decomposition of hydrate immediately beneath the phase boundary commonly results in the formation of free gas [3, 4] , resulting in a readily identifiable high amplitude seismic bbottom simulating reflectionQ (BSR) which follows local isotherms, cross-cuts sedimentary reflectors and may be mapped over large areas. Close to continental margins, determination of the depth to this reflector allows average geothermal gradients between the seabed and the BSR to be measured over wide areas [5] . Here we estimate conductive heat flow through sediments overlying young oceanic crust subducted beneath the western margin of Mexico at 208N, based on observations of a strong and continuous BSR in multichannel seismic reflection (MCS) profiles acquired during the Crustal Offshore Research Transect by Extensive Seismic Profiling (CORTES) experiment [6] .
Tectonic setting
North of the Rivera Fracture Zone, the young oceanic Rivera plate is subducting beneath the Jalisco Filled circles mark BSR picks used in heat flow calculations. Thick line marks approximate location of the toe of the accretionary wedge, traced along the 3800 m contour in the south of the survey area and the 3600 m contour in the north, and interpolated across gaps in swath coverage. Open triangles mark picks of magnetic anomaly 5n.2 [8] . White circles mark portion of line 204 show in Fig. 2b . Inset shows plate tectonic setting and bathymetric contours at 1000 m intervals with box marking the area of the main figure.
Block of western Mexico, which is generally considered as part of the North American plate, but may have some degree of independent motion [7, 8] (Fig. 1) . Well-documented magnetic anomalies on the Rivera and Pacific plates allow the plate tectonic history of the region to be reconstructed in considerable detail since 10 Ma [8] , though the geometry of plates subducted before 2 Ma remains controversial [9] . The convergence rate at the Middle America Trench has fluctuated strongly during this time, and decreased to zero between 2.5 and 1 Ma. Local earthquake data indicate a Benioff zone dipping at around 108 to 20 km depth, then steepening to 508 at 40 km depth [10] .
Whilst extensive seismic work and deep drilling have been conducted on the subducting Cocos plate to the south of the Rivera Fracture Zone (e.g., [11] ), the Rivera-North America convergent margin has received much less attention. During the CORTES experiment, a grid of MCS profiles was acquired across this margin in a~50 Â 50 km region around 208N, offshore Puerto Vallarta (Fig. 1) . Here the mean convergence rate since 1 Ma is 30 mm/yr. Spreading rates at the Pacific-Rivera spreading centre have fluctuated over the past 10 Ma between intermediate and fast rates; the lithosphere currently entering the subduction zone here appears to have formed at a full spreading rate of around 97 mm/yr [8] .
MCS data were acquired using a 10-airgun source array fired at 30 s intervals (approximately 75 m) and a 96-channel, 2.4 km hydrophone steamer. Airgun shots were also recorded on nine ocean bottom seismometers (OBSs) deployed within the region of Fig. 1 , and swath bathymetric data were acquired simultaneously with seismic data. Bathymetric data reveal a complex accretionary wedge morphology, with a steep slope at the toe of the wedge and a more gentle slope further landward. There is also considerable relief on the Rivera plate seaward of the trench. Seismic velocity models based on the OBS data indicate a dip of 8-128 for the subducting oceanic plate [6] , consistent with the initial dip of the Benioff zone further landward [10] . The top of oceanic basement may be traced for about 10 km beneath the accretionary wedge, and the Rivera plate is covered by about 1 km of sediments as it enters the subduction zone. Over much of the survey area, BSRs may be identified as high-amplitude, reversed-polarity reflectors subparallel to the seabed (Figs. 1-3 ). The high amplitude and reversed polarity (Fig. 2 ) confirm that these reflectors are due to a hydrate-free gas phase boundary. On one profile (Fig. 3b ) the BSR is evident at the toe of the accretionary wedge and a few kilometres beyond in the Middle America Trench.
Heat flow
Heat flow was estimated from BSR depths following an approach first developed by Yamano et al. [5] and reviewed in detail in [12] . BSR picks were made only where the reflector depth could be readily picked; in some parts of the survey area a BSR was clearly present, but strong interference from sedimentary reflectors made picking difficult. For depth conversion, a seismic velocity function was developed for the uppermost 1 s of the sediment column by compiling interval velocities from stacking velocities (estimated by semblance analysis). Velocities computed in this way have considerable uncertainty, so we do not expect to resolve accurately lateral variations. A straight-line regression to these data yielded a velocity in km/s given by v = 1.4481 + 0.4069 T, where T is the two-way time in seconds beneath the seabed, with a scatter around this line of up to~20%. Using this velocity function, the depth of each BSR pick was computed, and hence the pressure at the BSR, assuming that the sediments are sufficiently permeable for hydrostatic pressures to be maintained. Since the depth calculation involves an integration of the velocity function, errors are reduced to perhaps half the scatter of the velocity data. A comparison between this function and results of detailed velocity analysis in one area of the survey suggests that velocities in the hydrate stability zone may be systematically underestimated by perhaps as much as 10% because the regression includes underlying low velocity zones where free gas is present. Hence our calculated heat flow values may be over-estimated by a similar amount.
The pressure may then be related to temperature using a parameterisation of the hydrate-free gas phase boundary. The empirical fit to experimental data of Dickens and Quinby-Hunt [13] is based entirely on data below 15 MPa, whereas our data come entirely from hydrostatic pressures greater than 15 MPa. Therefore, rather than extrapolating this empirical fit, we use phase boundaries based on a theoretical model tuned to experimental data up to~40 MPa [14] . These curves match the data of [13] , but diverge from their empirical fits by 2-3 8C in the at the temperatures and pressures of interest here (Fig. 4) .
We have no data on the composition of the gas or the salinity of the pore water; we assume that the gas . Circles and triangles are measurements of the hydrate/free gas phase boundary for pure methane with pure water and seawater, respectively, to~12 8C [13] . Thin solid and dashed lines are empirical fits to these data [13] . Thick solid and dashed lines are phase boundaries predicted by the theoretical approach of Tohidi et al. [14] Here seawater is approximated by 560 mMol NaCl solution, and the dashed curve shown, which is the one used in this study, matches closely the seawater curve of [16] . Arrows mark the range of inferred temperatures at the BSR in our study area. Thin horizontal bars mark error bounds on estimates of the temperature of the phase boundary from in situ measurements at ODP Sites 995 and 997 on Blake Outer Ridge [35] . is predominantly methane with concentrations of other gases which are too small to significantly change the phase boundary; this assumption appears to hold in similar tectonic settings worldwide. Hyndman et al. [15] concluded that in situ data favour a base of the hydrate stability field controlled by the pure methane/pure water phase boundary. However, other authors (e.g., [12, 16] ) have favoured the pure methane/seawater boundary, and this boundary better fits the data from recent Ocean Drilling Program (ODP) legs [12] (Fig. 4) . The remaining discrepancies between the computed phase boundary and ODP calibrations may be explained by capillary effects in fine-grained sediments [16] . These effects are expected to be minor on the case of the western Mexico margin, where the predominant sediment input is likely to turbidites. Therefore in this study we use the pure methane-seawater phase boundary. A 1 8C uncertainty in the phase boundary corresponds to a 5% uncertainty in the inferred heat flow. From the temperature and depth of the BSR and the seafloor temperature, the mean geothermal gradient in the interval above the BSR may be computed. The seafloor temperature was computed from a 3rd order polynomial fit to water column temperature data from the digital NOAA World Ocean Atlas; the resulting temperature varies little from 2 8C across the entire area where BSRs were observed.
A significant source of uncertainty in the heat flow calculation is the thermal conductivity of the sediments, which can vary widely in marine sediments. No in situ data are available for our survey area, and borehole data show a scatter of +/À 20% or more in thermal conductivity for unconsolidated sediments at a given depth in the upper 500 m of the sediment column in similar accretionary wedge settings [12, 17] . We could have used a depth-dependent value that accounted for compaction by relating the conductivity to seismic velocity (following [18] ), but have instead used a constant value as suggested by [12] , since the predicted variation with depth is small. In the absence of nearby direct measurements of thermal conductivity, we used a value of 1.05 W/m/K, which falls at the centre of the range of empirical velocity-conductivity curves compiled in [18] for the velocity range above the BSR and is typical of values measured in accretionary wedge sediments [12, 17] . The uncertainty in the resulting heat flow values is at least 10% and may be larger [12] .
The resulting heat flow values vary between 52 and 105 mW/m 2 , with a mean value across the survey area of 73 mW/m 2 . The heat flow varies significantly over relatively short distances along individual profiles, and shows no clear correlation with distance from the toe of the accretionary wedge (Figs. 5 and 6 ). The most landward values, in the north-east corner of the survey area, are amongst the lowest observed, but the highest Fig. 6 . Variation of inferred heat flow with distance from the toe of the accretionary wedge, as defined by the thick line in Fig. 1 . Error bars correspond to a likely minimum uncertainty of F 10%. Solid lines mark predicted heat flow using the model of Molnar and England [29] with a decollement dip of 108 beneath the accretionary wedge, a thermal thermal diffusivity of 10 À 6 m 2 /s and the convergence rates as labelled. Frictional heating and radiogenic heat production from accretionary wedge sediments are both neglected; these would increase further the predicted heat flow. The decollement beneath the wedge is not clearly imaged by reflection profiles. The calculation assumes that the decollement follows the top of the oceanic crust, as appears to be the case at the toe of the wedge, where the entire sediment column appears to be deformed (Fig. 2) . The convergence rate has been~30 mm/yr since 1 Ma, but may have been much lower prior to 1 Ma (see text).
values are also observed towards the landward edge of the survey. Near the trench, values are in the range 55-88 mW/m 2 . There are no historical heat flow probe data which are close enough for meaningful comparisons to be made.
Discussion
The calculated heat flow values are surprisingly low. Based on magnetic anomaly lineations [8] , the oceanic lithosphere entering the Middle America Trench at the latitude of our survey is aged around 10 Ma. Plate cooling models [19, 20] would predict heat flow of 160 mW/m 2 for this age lithosphere. The mean observed value for this age lithosphere is 80-90 mW/m 2 [20, 21] , and the difference from conductive models is commonly attributed to the effects of hydrothermal circulation. Heat flow studies at the Juan de Fuca Ridge have shown that, where the oceanic crust is covered with a few hundred metres of sediment, heat flow values return to values consistent with plate cooling models within about 20 km of basement outcrops, suggesting that a relatively thin sediment cover can isolate the hydrothermal system from the open ocean [22] . However, our observed values are low despite the relatively thick sediment cover. Sedimentation itself causes a reduction in heat flow. However, correction using standard curves [23] , which assume that sediments are shales with a seabed porosity of 60% and a compaction constant of 1.54 km, would increase the trench values by b 20% to 65-105 mW/m 2 . This correction is appropriate for heat flow values measured at the seabed, and is likely to over-correct BSR-derived values, so the heat flow from basement in the trench remains unusually low.
Low heat flow values from young oceanic lithosphere off Costa Rica [24] have been attributed to the presence of a hydrothermal system which is still connected to the ocean through normal faults created by flexure of the downgoing plate. Young oceanic lithosphere is relatively weak and therefore is likely to bend readily over relatively short wavelengths in response to loading by the downgoing slab, promoting such faulting. Faults attributed to plate bending and penetrating to 18-20 km depth have been imaged in 14-24 Ma lithosphere off Costa Rica and Nicaragua [25] . In our survey area, fault blocks are clearly imaged in the oceanic basement beneath the trench (Figs. 2, 3) , and the overlying sediment column appears to be intensely faulted. The significant variations in heat flow over distances of a few kilometres in the trench (Figs. 5,  6 ) are consistent with the presence of a convective system, with higher values near zones of fluid discharge. However, elsewhere in similar circumstances, such as off Oregon [26] , the conductive heat flow is similar to that predicted by plate cooling models. A recent global compilation has shown that conductive heat flow near trenches is not systematically lower than in crust of the same age away from trenches and does not appear to decrease as lithosphere approaches trenches [27] . Conductive heat flow is also unusually low over a broad area of the Cocos plate well away from the trench [28] , so perhaps additional permeability due to slab bending is not required. Unfortunately there are insufficient heat flow data available seaward of the region of plate flexure to test whether the heat flow in our survey area is indeed depressed by enhanced hydrothermal cooling.
The heat flow through the accretionary wedge in principle provides information about frictional heating within and beneath the wedge [2, 29] . In the absence of frictional heating, tectonic thickening of the sediment column, as observed in seismic reflection data (Figs. 2,  3) , is expected to result in a rapid decrease in heat flow landward of the trench. This effect is particularly strong if sediment thickening is rapid [2] . However, an approximate conductive model [29, 30] would predict heat flow values higher than those observed across the wedge, even if a high-end estimate of the thickening rate is used and frictional heating is neglected (Fig. 6) . Also, tectonic thickening cannot explain the low heat flow at and seaward of the toe of the wedge.
The thermal time constant for a 6 km oceanic crust is only~100 kyr. Hence even if hydrothermal cooling in the trench extends throughout the crust, one would expect a conductive geotherm to be re-established within a few kilometres of the trench if tectonic thickening seals the hydrothermal system from the ocean. The observed low heat flow may indicate that heat exchange continues between the ocean and the subducted crust, or alternatively that the subducting lithosphere is hydrothermally cooled to much greater depth. For example, the thermal time constant for 20 km of lithosphere is N1 Myr, so if faults extended as deep in our survey area as off Costa Rica and Nicaragua [25] and hydrothermal cooling reached similar depths, a conductive geotherm would be reestablished only several tens of kilometres landward of the trench.
Whatever the thermal structure of the plate entering the subduction zone, the observed heat flow pattern also appears to preclude significant frictional heating, which would result in a landward increase in observed values [2, 29] . This result is consistent with observations further south on the Mexican margin, where values de-crease rapidly landward [31, 32] . Conversely, the application of critical taper theory [33] would suggest high basal friction since the wedge angle is large. Both the conductive heat flow calculation and the critical taper analysis may be oversimplifications here since they assume a constant convergence rate: convergence between the Rivera plate and the Jalisco block may have restarted very recently after a period without significant relative motion [8] .
The accretionary wedge morphology appears to vary significantly along the margin. In the north (line 205), there is a steep frontal scarp. In the centre of the survey area (lines 202-204) the slope at the toe of the wedge is more gentle. In the south (line 201) there is a steep scarp again. These changes in morphology may indicate that the three regions are in different phases of the accretionary cycle, with recent underthrusting and frontal erosion in the north and south and ongoing frontal accretion in the centre [34] . There are signs of a corresponding systematic along-margin variation in heat flow, with lower heat flow in the north and the south and higher heat flow in the centre of the survey area. The variation may indicate that sediment underthrusting dominates the thermal regime in the north and south but is less significant in the centre.
Some of the large local variations observed may be linked to channelised fluid expulsion (Fig. 3) , since in some cases heat flow reaches a local maximum over inferred thrust faults, as observed commonly elsewhere in accretionary wedges [e.g., 18, 26] . However, the accreted sediments are sufficiently deformed that it is generally difficult to identify such faults. heat flow is about half of the conductive value expected for 10 Ma lithosphere; the reduced value can be explained by hydrothermal circulation. This circulation may be enhanced by normal faulting in the downgoing slab, or may just be unusually active in the Rivera plate, as it is in the adjacent Cocos plate. 3. In the accretionary wedge, where the hydrothermal system is likely to be sealed, heat flow remains low for several tens of kilometres landward of the trench, despite the high basal friction that would be required to maintain the current wedge taper. 4. The heat flow varies systematically along-strike within the wedge, and this heat flow variation may be correlated with variations in wedge morphology.
Where the wedge has a steep frontal scarp, heat flow values landward of the scarp are low, while where the frontal scarp is shallow, heat flow values are higher.
